The alpha-helix to beta-sheet transition (-transition) is a universal deformation mechanism in alphahelix rich protein materials such as wool, hair, hoof, and cellular proteins. Through a combination of molecular and theoretical modeling, we examine the behavior of alpha-helical coiled-coil proteins with varying lengths under stretch. We find that the occurrence of the -transition is controlled by the length of constituting alpha-helical proteins. In the asymptotic limit, short proteins with less than 26 amino acids or 3.8 nm length reveal interprotein sliding, whereas proteins with greater lengths feature antransition, leading to a significant increase in the protein's stiffness, strength, and energy dissipation capacity at large deformation. Our study elucidates the fundamental physics of this mechanism and explains why the -transition typically occurs in protein filaments with long alpha-helical domains.
Alpha helices and beta sheets are major secondary structural motifs that organize the three-dimensional structure of proteins [1] . Whereas the sequence of amino acids defines a protein's specific secondary and higher level structures [2] , the transition between alpha helices and beta sheets (-transition) is observed universally for a broad range of alpha-helix based protein filaments. The -transition was observed under variations of pH [3] , temperature changes [4] , and solvent composition alterations [5] , and under mechanical deformation as shown by experiment and simulation [6] [7] [8] [9] [10] . Many alpha-helix rich proteins are crucial for structural support, in mechanotransduction and cell motility, and in defining the cell's stretchiness. Experimental studies revealed that keratin [6, 7] (found in wool, hair, and hooves), hagfish slime threads [8] , desmin [9] , and vimentin [10] all display a -transition under deformation. The transition significantly thins filaments, but toughens and strengthens it at large deformation [10] . Furthermore, the -transition may also have important implications for diseases related to amyloid formation (s.a. Alzheimer's, Type II Diabetes, Parkinson's), where native proteins convert to beta-sheet rich proteins [11, 12] .
The experimental observation of this phenomenon for a variety of proteins suggests that the -transition under stretching is a universal mechanism of deformation, and as such is crucial for providing a link between a protein material's hierarchical structure and its mechanical response [13] . The understanding of the -transition in protein materials may be similarly important as studies of dislocation nucleation and propagation in metals or ceramics, which present the fundamental unit deformation mechanism in crystalline materials. However, compared to dislocations, the understanding of deformation mechanisms in protein materials remain poorly understood.
What is the molecular mechanism of the -transition, and is there a key structural parameter that controls it? Here, we report a systematic study to address this issue.
We consider 13 randomly picked alpha-helical coiledcoil proteins selected from the protein data bank (PDB) [14] with varying lengths, all subjected to mechanical stretching (for information on coiled-coiled proteins, see [15] ). Each protein is first energy minimized [16] and then equilibrated at 300 K. All simulations are performed using an NVT ensemble (Nose-Hoover thermostat 1 fs time step, CHARMM19 all-atom energy function and an effective Gaussian model for the water solvent [17, 18] to facilitate rapid sampling of configurations under loading [19] ). After equilibration, each structure is stretched by steered molecular dynamics (SMD), following the shear loading [ Fig. 1(a) ]. Thereby, the C atom at the left end of one helical strand is fixed to resemble the attachment at a substrate, while the C atom at the right end of the other strand is linked to a harmonic spring, spring constant 10 kcal=mol=A 2 ). We pull at a constant velocity of 0:01 # A=ps along the axial direction [ Fig. 1(a) ], and the displacement ÁL and pulling force are recorded. The tensile strain is expressed as " ¼ ÁL=L 0 where L 0 is the initial end-to-end length of the protein [20] . By analyzing both the H-bond patterns and the backbone geometry with the STRIDE algorithm [21] , we assess the secondary structure and associated changes during deformation. For each protein, the stretching simulations are repeated 10 times with different random seeds for the initial velocity distribution for good statistics. Based on the results of an ensemble of 10 simulations for each protein, we then calculate the percentage of the occurrence of thetransition as a function of the coiled-coil length.
We begin by considering a very short coiled coil and a very long one (short coiled coil PDB ID 1ajy, . At the end of phase (P1), we observe a regime with significant stiffening [phase (E)], followed by another, bumpier plateau phase (P2) at relatively large force levels close to 1500 pN. A structural analysis in Fig. 2 (d) suggests that the secondary structure remains intact within phase (L), indicating that the protein undergoes solely elastic deformation below 15% strain (no H-bond rupture). The snapshots shown in Fig. 2 (b) reveal that within phase (P1), each strand twists as it unravels, and that groups of H bonds along the alpha-helix rupture, causing a sudden unfolding of helical turns. (Up until this point, the coiled coil behaves similarly as myosin [22, 23] .) Phase (E) begins at force levels of 360 pN, but the force increases to more than 1000 pN at strains beyond 150%. In phase (P2), a large number of beta sheets have formed, and an increase in the strain leads to the sliding of the two strands against one another, at a force level %1500 pN (1200-1800 pN; fluctuations due to the stretching, rupture, and rebinding of the H bonds in the sheared beta-sheet segments resembling a stick-slip motion). We note that this force level agrees with the strength of natural beta sheets reported earlier [24] . The much greater shear resistance is due to the fact that beta sheets in shear display a significantly larger strength [24] [25] [26] than alpha-helical proteins [22, 27] . Phase (P2) lasts until 325%, where the structure is completely detached. Figure 2 (e) shows an analysis of the secondary structure as a function of strain, providing additional details into structural changes. This transformation of the secondary structure from an alpha-helix to a betasheet rich structure resembles the -transition observed in experiments. We record the unloading F-" curve after the -transition has occurred. To achieve this, we begin from the configuration obtained at a strain of 180%, and subsequently relax the applied force to zero, then set the two ends free and equilibrate the structure. During 350 ns equilibration, no structural changes are observed as confirmed by the spectrum analysis [ Fig. 2(f) ]. This irreversible character of the transition is also found in experimentally observed -transitions [7, 10] . The unloading curve is depicted in Fig. 1(b) , showing that the protein filament retracts during relaxation. However, the protein does not approach the length at the beginning of the simulation, suggesting permanent deformation. The shaded area in Fig. 1(b) represents the dissipated energy during the unfolding-refolding process [dissipated energy is 846 kcal=mol, calculated as
. Since the number of broken H bonds is N H ¼ 119 at 180% strain [compared with the initial structure, Fig. 1(a) ], we estimate the energy associated with each H bond as E HB ¼ E tot =N H ¼ 7:11 kcal=mol. The initiation of the -transition process features three major phases. From phase (L) onwards, a single turn in the middle of the intact strand unravels locally inside one of the alpha helices (this explains why the ultimate force in this phase approaches the unfolding force of a single alpha helix). This structural defect, locally highly flexible, forms a nucleation point from which on nearby amino acids begin to unfold, turning them into random coils, as shown in Fig. 2(b) at " ¼ 0:44 (the increase in flexibility can be explained by the significant decrease in persistence length, from several tens of nanometers for an alpha helix to approximately 0.4 nm for a random coil). The increasing number of unfolded turns in both helices increases the probability for hydrophobic interactions to take effect, which squeezes two unfolded turns together to form a first parallel beta-sheet cluster [ Fig. 2(a) , " ¼ 1:29; Fig. 2(b) , " ¼ 1:18], here referred to as a beta-sheet seed. In the shorter coiled coil, there is either no beta-sheet seed or the beta-sheet seed is not strong enough to induce further unfolding of alpha-helical turns, and rather ruptures, leading to interprotein sliding [Figs. 2(a) and 2(c)]. In the longer coiled coil, however, the beta-sheet seed acts as an effective clamp that prevents sliding and thereby enforces unfolding of all other alphahelical turns [ Fig. 2(b) , " ¼ 1:53], resulting in the occurrence of the transition process throughout the rest of the chain [ Fig. 2(d) ]. At the end of the transition process, the structure is composed of an array of many small beta-sheet clusters [ Fig. 2(b) , " ¼ 2:62]. The key to understand this process is to consider the ratio of the strength of the betasheet seed (f B ) versus the strength of the alpha helix (f A ), where the ratio of f B =f A controls whether (f B =f A ! 1) or not (f B =f A < 1) the -transition occurs.
The off rate of a reference structure (alpha helix or beta sheet) with a reference length N 0 is [27] [28] [29] : 0 ¼ ! 0 exp½ÀðE b À F 0 x b Þ=ðk B TÞ, where ! 0 ¼ 10 13 s À1 is the natural frequency of bond vibration [30] , x b the unfolding transition point, k B the Boltzmann constant,E b the energy barrier, F 0 the averaged unfolding force, and T the temperature. The off rate of alpha helices of general length N is ¼ ! 0 ðN=N 0 Þ exp½ÀðE b À f A x b Þ=ðk B TÞ, which considers the fact that alpha-helical turns are arranged in series (so that increasing the length increases the probability of unfolding). Noting the fact that pulling speed v ¼ x b is constant, we obtain
We note that longer alpha helices result in a reduced mechanical strength with a negative logarithmic dependence on N, a finding that has been validated in experiments and simulations [31] . We now calculate the strength of the beta-sheet seed, f B . The energy barrier in the betasheet shearing is E b ¼ E HB n cr , where n cr ¼ 3-4 is the number of H bonds that are involved in a unit rupture event [32] . Combining with the expression of 0 , we arrive at
where v is the pulling speed and x B the rupture distance along the shearing direction. Since the size of the betasheet seed is constant at n cr regardless of the length of the alpha-helical proteins in the coiled coil, f B ðn cr Þ ¼ f B ¼ const.
We now identify numerical values of the parameters in Eqs. (1) and (2) A (parameters extracted from a pulling experiment of a single alpha-helical protein [27] ). For Eq. (2), E HB ¼ 7:11 kcal=mol (close to the value predicted from density functional theory [33] ), and x B ¼ 4 # A [25] . As shown in Fig. 3(a) , f B of an initial beta-sheet seed falls within the range of 346:5 AE 61:5 pN, whereas f A varies greatly as a function of the length. The condition f B ¼ f A ðN cr Þ yields the critical amino acid number N cr ¼ 41 AE 12 from which on the -transition occurs.
We carry out simulations for 13 different coiled-coil proteins [corresponding PDB IDs shown in Fig. 3(b) ], and measure the probability for the occurrence of the -transition). The results reveal that the points fall in two distinct regions and that the transition occurs at a critical number of N cr ¼ 38:7 amino acids (5.7 nm), which agrees with the theoretical analysis, thus corroborating the concept of a critical length for the -transition. It is noted that the outcome of the test for each protein is very robust. However, there are greater fluctuations for those proteins near the critical length (for these, the repeated simulations give appropriate statistics and convergence).
We find that the critical length decreases slightly under extreme variations of the pulling speed. Fig. 3(c)] .
Because of the distinct force-strain behavior, the critical length has major implications for the energy dissipation capacity of a protein filament [ Fig. 1(c)] . Notably, energy dissipation increases manifold with the protein's length in the second regime where the -transition occurs. This finding provides a potential explanation for the universality of long alpha-helical protein filaments in mechanically relevant proteins in biology, as they provide an innate capacity to heightened energy dissipation at large deformations.
Our results provide a critical geometrical condition of the -transition and associated molecular-level effects. The concept put forth in our simple model may be used to explain other structural transitions, stability, and flexibility in proteins or polymers, and as such, may find future applications in bottom-up materials design [35, 36] . The insight into the critical length scales may have applications in the design of novel peptide-based materials with high stiffness, novel hierarchical fibers, and materials with high extreme absorption capacity.
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